The direct arylation of pyridine derivatives is a highly efficient approach for the synthesis of various heteroaromatic building blocks.[@cit1] No pre-installment of a functional group on the pyridine core, such as a halogen or boron derivative, or stoichiometric metalating reagent is required to promote the arylation which translates into better step economy, cost-efficiency, as well as reduced waste.[@cit1],[@cit2] The possibility to achieve a pyridine direct arylation using a non-precious metal catalyst such as nickel is highly desirable since it is sustainable due to its natural abundance and its significant yearly production.[@cit3] Nickel is also inexpensive, potentially air-stable, and exhibits a distinctive reactivity.[@cit3]

As a part of the Non-Precious Metal Consortium[@cit4] and the preparation of an active pharmaceutical ingredient, efforts were devoted toward the development of a sustainable synthesis of 1-azafluorenes. These heterocycles are valuable pharmacophores that exhibit a wide range of biological activities. For instance, indenopyridines have demonstrated efficacy as thrombin inhibitors, for arresting tumor cell growth, and for the treatment of inflammatory and central nervous system related diseases.[@cit5] These heterocycles also possess absorption and emission properties, which are widely utilized for the development of dyes[@cit6] and light-emitting materials.[@cit7] In addition, the reduced form, indeno-hexahydro-pyridine, can be found in the core of natural products such as haouamines that have potent anticancer activity.[@cit8] Given the versatility and numerous applications of 1-azafluorenes, it is surprising that little attention has been dedicated to the synthesis of these compounds.[@cit5],[@cit6],[@cit9] Herein, we describe the first nickel-catalyzed C-3 direct arylation of pyridine derivatives ([Fig. 1](#fig1){ref-type="fig"}) to provide a new approach to valuable 1-azafluorene pharmacophore frameworks. Computational studies and control experiments revealed key elements of the reaction pathway explaining the unprecedented reactivity of pyridinium ions.

![Nickel-catalyzed C-3 direct arylation of pyridine derivatives.](c6sc01457g-f1){#fig1}

Despite the numerous advantages of combining the effectiveness of a direct arylation with the cost-efficiency of nickel,[@cit10] there are relatively few examples of nickel-catalyzed direct arylation of pyridine derivatives. Notably, Chatani reported a C-2 selective C--H bond arylation of pyridines and quinolines *via* a nickel-catalyzed 1,2-addition with diorganozinc reagents.[@cit11] More recently, Doyle *et al.* described the C-2 arylation *via* Ni([ii]{.smallcaps}) π-allyl intermediates of *N*-acyl pyridinium ions with either boronic acids[@cit12] or aryl zinc halide reagents.[@cit13] In spite of these precedents, until now, the corresponding nickel-catalyzed C-3 direct arylations of pyridine derivatives have not been reported.[@cit14],[@cit15]

Notwithstanding the absence of reported methodology for C-3 direct arylation of pyridines with nickel,[@cit16] we envisioned using this challenging approach as a general platform for the synthesis of 1-azafluorenes ([Fig. 1](#fig1){ref-type="fig"}). Even though substrate **1** seems poised for directed insertion to the C-3-position of pyridine after oxidative addition of the aryl-X group, initial experiments did not provide the desired 1-azafluorene product ([Scheme 1](#sch1){ref-type="fig"}). Reasoning that the nonaromatic dihydropyridine **2** could exploit an alternative carbo-metalation pathway, we were intrigued when it performed poorly under various reaction conditions during the optimization stage. Surprisingly, careful control studies revealed that the corresponding pyridinium ions **3** generated the 1-azafluorenes far more effectively. Mechanistic and computational studies revealed the source of the greater reactivity of the pyridinums providing useful design principles for future insertion--cyclization reactions.

![Nickel-catalyzed C-3 direct arylation to generate 1-azafluorenes.](c6sc01457g-s1){#sch1}

Further reaction optimization of the pyridinium ion showed that the *N*-benzyl derived **4a** was optimal due to the reactivity it induces, ease of substrate preparation, and ease of cleavage of the protecting group. Screening ([Table 1](#tab1){ref-type="table"}) of air-stable nickel([ii]{.smallcaps}) sources, including Ni(acac)~2~, (TMEDA)NiTolCl,[@cit17] and NiX~2~ (X = Br and Cl), revealed that NiCl~2~(dme) afforded superior yields with the use of PPh~3~ as ligand (entry 1--4). Further, bisphosphine and tridentate nitrogen ligands improved yields to 45 and 69%, respectively (entry 5--7). Inorganic bases including acetates and carbonates were not advantageous (entries 9--11).

###### Optimization of direct arylation conditions[^*a*^](#tab1fna){ref-type="fn"}
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  ------------------------------- ---------------- ----------- ------------------------------------------------------- ----
  1                               Ni(acac)~2~      DBU         PPh~3~ (12)                                             3
  2                               (TMEDA)NiTolCl   DBU         PPh~3~ (12)                                             7
  3                               NiBr~2~          DBU         PPh~3~ (12)                                             9
  4                               NiCl~2~(DME)     DBU         PPh~3~ (12)                                             21
  5                               NiCl~2~(DME)     DBU         *rac*-binap[^*c*^](#tab1fnc){ref-type="table-fn"} (6)   45
  6                               NiCl~2~(DME)     DBU         *i*Pr-pybox[^*d*^](#tab1fnd){ref-type="table-fn"} (6)   69
  7                               NiCl~2~(DME)     DBU         Terpyridine (6)                                         13
  8                               NiCl~2~(DME)     DBU         2,2′-Bipyridine (6)                                     70
  9                               NiCl~2~(DME)     NaOAc       **L1** (6)                                              0
  10                              NiCl~2~(DME)     KOAc        **L1** (6)                                              38
  11                              NiCl~2~(DME)     K~2~CO~3~   **L1** (6)                                              75
  12                              NiCl~2~(DME)     DBU         **L1** (6)                                              98
  13                              NiCl~2~(DME)     DBU         **L2** (6)                                              92
  14                              NiCl~2~(DME)     DBU         **L3** (6)                                              32
  15                              NiCl~2~(DME)     DBU         **L4** (6)                                              57
  16                              NiCl~2~(DME)     DBU         **L5** (6)                                              87
  17                              NiCl~2~(DME)     DBU         **L6** (6)                                              22
  18                              NiCl~2~(DME)     DBU         **L7** (6)                                              12
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^*a*^Reaction conditions: Ni catalyst (5 mol%), ligand (6--12 mol%), base (5.0 equiv.) in DMF at 120 °C.

^*b*^HPLC assay % yield determined by using a calibration curve.

^*c*^binap = 2,2′-bis(diphenyl-phosphino)-1,1′-binapthalene.

^*d*^ *i*Pr-pybox = 2,6-bis\[isopropyl-2-oxazolin-2-yl\]pyridine.

Among all ligands tested in presence of DBU, phenanthroline derivatives were optimal (entry 12--18) with nickel([ii]{.smallcaps}) catalysts, and 1,10-phenanthroline gave rise to 98% yield (entry 12). Introduction of electron-donating, withdrawing or aromatic substituents on 1,10-phenanthroline did not enhance the rate or yield of the reaction.

With the optimized reaction conditions in hands, the substrate scope was surveyed ([Scheme 2](#sch2){ref-type="fig"}). Substitution with electron-withdrawing groups at C-6 such as esters (**5b** and **5c**), amides (**5d**), nitriles (**5e**) and sulfonamides (**5f**) was well tolerated (77--95%). Notably, the aryl iodides underwent full conversion more rapidly (1--3 h) than the corresponding aryl bromides (8--12 h). 6,7-Difluoro and 7-methoxy substrates **5g** and **5h** provided the desired 1-azafluorenes with moderate yields. Substitution of the pyridine ring (**5i**) at C-4 also was well tolerated. This method was found to be specific to azafluorenes since a longer tether did not afford the fused 6-membered ring **5j** with high efficiency.

![Reaction scope of C-3 arylation of pyridinium ions^*a*^. ^*a*^Reaction conditions: Ni catalyst (5 mol%), 1,10-phenanthroline (6 mol%), DBU (5.0 equiv.) in DMF at 120 °C for 1--12 h; isolated yield determined after flash chromatography. ^*b*^Determined by ^1^H NMR assay yield using dimethyl fumarate as an internal standard.](c6sc01457g-s2){#sch2}

The usefulness of cyclized *N*-benzyl derivatives **5** was established by performing a straightforward deprotection to afford the corresponding 1-azafluorene **6** or the indeno-hexahydro-pyridine **7** ([Scheme 3](#sch3){ref-type="fig"}). Specifically, hydrogenolysis of the benzyl protecting group under a low pressure of hydrogen (100 psi) at room temperature with Pd/C provided **6** in 91% isolated yield. At higher hydrogen pressure and temperature, reduction of the pyridine ring can also be accomplished to furnish *cis*-fused piperidine **7** in 82% yield.

![Deprotection and hydrogenation of protected 1-azafluorene.](c6sc01457g-s3){#sch3}

In terms of the mechanism, various pathways are reported to achieve a direct arylation and several possibilities were considered including concerted deprotonative metalation, Ni([i]{.smallcaps}) or Ni([ii]{.smallcaps}) single electron abstraction of the halide to initiate a radical sequence, and carbo-metalation process. As acid sources are present, the protonation state (pyridinium ion or dihydropyridine) was also evaluated.

DFT studies were initiated using bipyridine as ligand and the neutral version of *N*-methyl 2-(2-bromobenzyl)pyridine as a model substrate.[@cit18],[@cit19] [Fig. 2](#fig2){ref-type="fig"} illustrates several of the pathways identified.[@cit20] Ligand dissociation (COD) followed by coordination of the Ni(0) to the aryl ring of the dihydropyridine generates adduct **A**, which is subject to two distinct fates. An energetically accessible oxidative addition (barrier = 20.3 kcal mol^--1^ from uncoordinated substrates) *via***A-TS** (blue pathway) leads to the much more thermodynamically favorable Ni([ii]{.smallcaps}) adduct **B**.[@cit21] Deprotonative metalation pathways have been reported in related systems,[@cit22] and transition states were located for the bromide-(**B′-TS-Br**, shown) or base-mediated (not shown, see ESI[†](#fn1){ref-type="fn"}) deprotonation from **B**. However, all deprotonative metalation pathways were substantially higher in energy (\>12.2 kcal mol^--1^) relative to migratory insertion *via***B-TS** (5.4 kcal mol^--1^) which gives rise to the **C-*anti*** adduct (see ESI[†](#fn1){ref-type="fn"} for energetics of the deprotonative metalation pathway). However, the lack of a hydrogen *syn* to the Ni center in **C-*anti*** disfavors β-hydride elimination to form the product from this species.

![Cyclization pathways commencing from neutral dihydripyridine (free energies are given in kcal mol^--1^ for calculations with UM06/6-311+G(d,p)-SMD-nitromethane//UB3LYP/6-31G(d)-gas).](c6sc01457g-f2){#fig2}

These results together with the finding that 1-chloro-2,4-dinitrobenzene, a single electron transfer inhibitor,[@cit23] was deleterious to the reaction,[@cit24] motivated us to examine single electron transfer pathways. From a different coordination complex (**A′**), halide abstraction by the Ni(0) (*via***A′-TS**) was found to be higher in energy (1--5 kcal mol^--1^) relative to oxidative addition (**A-TS**) depending on the method used (see ESI[†](#fn1){ref-type="fn"}). On the other hand, halide abstraction commencing with Ni([i]{.smallcaps})[@cit25] was found to be much higher in energy and hence not viable (see ESI[†](#fn1){ref-type="fn"}). At this juncture, distinction of the Ni(0) oxidative addition *vs.* halide abstraction was not obvious from the calculations alone. In addition, neither of these pathways satisfactorily explained the requirement of a proton source: either the pyridinium substrate needs to be employed or DBU·HBr needs to be introduced to the neutral dihydropyridine.[@cit26]

On this basis, further modeling was undertaken starting with the cationic (pyridinium) version of the substrate ([Fig. 3](#fig3){ref-type="fig"}). Notably, oxidative addition (**A^2^-TS**, 13.5 kcal mol^--1^) was found to be far more facile than halide abstraction (**A″-TS**, \>38 kcal mol^--1^, not shown, see ESI[†](#fn1){ref-type="fn"}) when the charged species is considered. Furthermore, *oxidative addition of the charged substrate is more facile than oxidative addition of the neutral analog* (13.5 *vs.* 20.3 kcal mol^--1^). It appears that several effects give rise to this behavior. The neutral dihydropyridine is planar as a result of conjugation, but this conjugation is disrupted in **A-TS** due to steric interactions with the catalyst during oxidation addition. In contrast, the pyridinium is not conjugated and is not planar in its starting form; as a result, much less strain builds up in **A^2^-TS** (see ESI[†](#fn1){ref-type="fn"} for structures). Thus, the oxidative addition step is favored *via* the protonated pyridinium form, and then a facile deprotonation occurs, so that intramolecular migratory insertion can occur *via* the lower energy pathway **B-TS** ([Fig. 2](#fig2){ref-type="fig"}). Migratory insertion on cationic oxidative addition adduct **B′** in [Fig. 3](#fig3){ref-type="fig"} causes a loss of aromaticity in the pyridinium ring and is precluded energetically (transition state barrier from B′ is 49.6 kcal mol^--1^; not shown, see ESI[†](#fn1){ref-type="fn"}) *vs.* migratory insertion of neutral oxidative addition adduct **B** (31.1 kcal mol^--1^*via***B-TS** in [Fig. 2](#fig2){ref-type="fig"}).

![Cyclization pathways commencing from the pyridinium ion^*a*^. ^*a*^Free energies are given in kcal mol^--1^ for calculations with UM06/6-311+G(d,p)-SMD-nitromethane//UB3LYP/6-31G(d)-gas phase.](c6sc01457g-f3){#fig3}

The remaining issue to resolve is how **C-*anti*** can undergo β-hydride elimination to the product. Due to the highly conjugated nature of the radical produced, calculations show that homolysis of the Ni--C bond of **C-*anti*** is facile leading to **B1** ([Fig. 2](#fig2){ref-type="fig"}). Isomerization and recombination leads to **C-*syn***, which can, in turn, undergo low barrier β-hydride elimination (*via***C-*syn*-TS**) to the product. This result also accounts for why an electron transfer inhibitor is deleterious.[@cit23]

Overall, a carbo-nickelation accounts for the observed direct arylation products ([Scheme 4](#sch4){ref-type="fig"}). A notable feature is that substrate protonation distorts conjugation of the substrate positioning the requisite C--Br in a less sterically encumbered environment which facilitates oxidative addition. Subsequent deprotonation is required for migratory insertion. The ability of nickel to undergo facile homolysis provides a low energy pathway for a *cis* to *trans* isomerization, which is needed for β-hydride elimination to product. Reduction of the Ni([ii]{.smallcaps}) pre-catalyst and of the Ni([ii]{.smallcaps}) hydride species could occur at 120 °C *via* either oxidation of DBU[@cit27] or oxidative decomposition of DMF.[@cit28] An alternative pathway for nickel reduction could be a redox process between Ni([ii]{.smallcaps}) and phenanthroline to generate Ni([i]{.smallcaps})[@cit19a] which can then react with the aryl bromide to afford **B^2^** after a bimetallic oxidative addition.[@cit29]

![Overall mechanism of the pyridinium direct arylation.](c6sc01457g-s4){#sch4}

In conclusion, an unprecedented C-3 direct arylation of pyridinium ions was developed using air-stable nickel catalyst precursors to achieve a practical synthesis of 1-azafluorenes. This strategy is compatible with a variety of substituents either on the aryl halide or pyridine core. The *N*-benzyl protected 1-azafluorenes readily undergo hydrogenolysis and reduction to afford valuable pharmacophores. This method represents a significant advance in non-precious metal catalysis considering that prior methods only permit C-2 direct arylation. Computational studies combined with control experiments revealed that the oxidation addition step is sensitive to steric hindrance which can be mitigated by use of the pyridinium ion. The subsequent cyclization takes place only after isomerization under basic conditions. Finally, the homolysis/recombination provides the required configuration for β-hydride elimination. These mechanistic findings provided principles for the design of new nickel catalyzed reactions. Future reports will include results on multi-kilo scale using this methodology and efforts towards achieving the intermolecular version of this transformation.
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